Introduction
============

Two decades ago, protein biochemists supposed that the universe of proteins would be limited to a modest number of distinctive types, for example, a thousand different folds ([@evs081-B7]). However, new kinds of proteins continued to appear, often in the form of "orphans" or "singletons" that could not be matched to any known proteins. In the past decade, sequencing of bacterial genomes led to the discovery of huge numbers of so-called ORFans or ORFan genes, open reading frames (ORFs) encoding orphan proteins, that is, proteins with no known relatives ([@evs081-B38]). The high frequency of ORFans in newly determined bacterial genomes originally was attributed to limited sampling of genomes. Indeed, as more genomes are sequenced, the fraction of genes in a given genome that are designated as ORFans can never increase, but only decrease when a relative is discovered. However, a comparative analysis of 122 bacterial genomes indicated that the total number of different kinds of ORFans was increasing linearly ([@evs081-B38]).

Some descriptive generalities about these ORFans emerge from previous studies. ORFans are found in almost all the bacterial genomes, except some small genomes of intracellular parasites or endosymbionts ([@evs081-B38]). ORFans tend to be more AT-rich than sequences with a broader phylogenetic distribution ([@evs081-B5]; [@evs081-B10]). On average, ORFans tend to be shorter than genes with a broader phylogenetic distribution ([@evs081-B10]).

Numerous studies have addressed the possible origins of ORFans ([@evs081-B31]; [@evs081-B23]; [@evs081-B30]; [@evs081-B24]; [@evs081-B25]; [@evs081-B10]; [@evs081-B36]; [@evs081-B14]; [@evs081-B40], [@evs081-B41]; [@evs081-B32]; [@evs081-B34]). One type of explanation is that ORFans are not real genes, but artifacts of annotation, resulting from the algorithms used to detect coding sequences in genomes ([@evs081-B10]). Another possibility is that ORFan genes, although real, are not true orphans, but have evolved so rapidly that their family affinity cannot be discerned. Although rapid evolution by amino acid replacements alone seems unlikely to explain the status of ORFans, they may have undergone more radical evolutionary changes, such as frameshifts or rearrangements ([@evs081-B14]; [@evs081-B3]). Finally, it may be that ORFans represent newly acquired genes, having arisen either de novo from noncoding sequences or having been acquired by lateral gene transfer from an uncharacterized source, for example, unknown prokaryotes or bacteriophages ([@evs081-B30]; [@evs081-B40]; [@evs081-B19]; [@evs081-B34]).

Recent studies suggest that a small proportion of human-specific genes or primate-specific genes originated from noncoding sequences ([@evs081-B19]; [@evs081-B34]). Recent studies in archaeal, bacterial, and viral genomes suggest that a proportion of ORFans likely originated via horizontal gene transfer from distant cellular sources ([@evs081-B41]; [@evs081-B8]). It has been argued that the AT-richness of ORFans reflects lateral transfer from AT-rich bacteriophage genomes ([@evs081-B9]), or that it reflects misannotation of intergenic regions, on the grounds that such regions often are AT-rich ([@evs081-B5]). The shortness of ORFans also suggests the possibility of misannotation ([@evs081-B29]).

The emerging consensus seems to be that ORFans largely represent an influx of relatively impermanent sequences from bacteriophages and other mobile elements. Whether this consensus will prove correct, it leaves open the question of how ORFans are evolving within a species. On the one hand, they might be undergoing slow regression if their similarity to real genes is merely accidental (if they are annotation artifacts) or merely historical (e.g., if they are nonfunctional remnants of past bacteriophage infections). On the other hand, they might be rapidly evolving genes responsible for lineage-specific adaptation; or they might be conserved genes responsible for lineage-specific features of morphology or physiology ([@evs081-B17]).

In this study, we begin to address the evolution of ORFans, as distinct from the origins of ORFans, by taking advantage of the fact that there are thousands of ORFans available in several dozens of complete *Escherichia coli* genomes. Although conventional taxonomy associates a number of these genomes with the genus *Shigella*, known *Shigella* genomes cluster phylogenetically within a much larger set of known set of *E. coli* genomes, with other *Escherichia* species as outgroups ([@evs081-B35]). For this reason, when we refer to *E. coli* later, we mean to include isolates designated conventionally as *E. coli* or *Shigella* while excluding other *Escherichia* species (e.g., *E. fergusoni*).

Here, we examine the population diversity of ORFans in *E. coli* (i.e., *E. coli* plus *Shigella*) as compared with that of two sets of progressively older and more widely distributed non-ORFan genes. This approach allows us to control for the idiosyncratic ages and distributions of ORFans by comparing them only with clusters pruned to have a matching set of strains. As expected, we find that ORFans are shorter and more AT-rich than non-ORFans. ORFans tend to have a very narrow distribution among *E. coli* genomes, with most of them being found in only a single genome. The majority of ORFan genes appear to be conserved, at least in the short term, as judged by the overall tendency toward lower nonsynonymous diversity than synonymous diversity among those ORFans present in more than one genome. However, nonsynonymous diversity is higher than for non-ORFans, and in particular shows an excess of high-diversity clusters of ORFan genes.

Materials and Methods
=====================

Sequences, Clusters, Alignments, and Function Annotations
---------------------------------------------------------

Clusters of homologous sequences used in this study ultimately derive from the Protein Clusters database ([@evs081-B18]), a collection of automatically clustered Reference Sequence proteins from complete genomes (of prokaryotes, plasmids, viruses, organelles, and complete and incomplete genomes of protozoa and plants). Some clusters include curated information on protein function ([@evs081-B18]); those without known function are annotated as "hypothetical protein."

Data on protein clusters in prokaryotes obtained from NCBI represent the January 2010 version of the clusters database. Specifically, the PRK_summary, PRK_AllProteins.bcp, Clusters.bcp, and NonCuratedClusters.bcp files were downloaded from <ftp://ftp.ncbi.nih.gov/genomes/CLUSTERS/Jan_2010/PRK>. These clusters include proteins from 35 *E. coli* genomes and 88 *E. coli* plasmid genomes (including *Shigella* and *Shigella* plasmid genomes). The *E. coli* genomes used in the study are shown in [table 1](#evs081-T1){ref-type="table"}. The plasmid genome ids used in the study are listed in the [supplementary data](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1) online. Table 1**Size and Other Compositional Features of** *Escherichia* ***coli* Genomes Used in This Study***E. coli* Strain NameGenome Size (Mb)Protein-Coding GenesORFansGenome-Specific ORFansORFans (%)Genome-Specific ORFans (%)Functionally Annotated ORFans (%)Functionally Annotated Non-ORFans (%)*Shigella dysenteriae* Sd1974.564,0861,51141637.010.22.150.7*S. flexneri* 5 str. 84014.573,93887917722.34.53.256.4*E. coli* BW29524.584,0674151710.20.412.562.0*E. coli* BL21 (DE3)4.604,1985473713.00.99.158.7*S. flexneri* 2a str. 2457T4.603,9718589021.62.34.356.1*E. coli* B str. REL6064.634,1805232512.50.69.658.5*S. boydii* Sb2274.634,0571,04022525.65.53.454.6*E. coli* str. K-12 substr. MG16554.644,1274152210.10.512.362.0*E. coli* HS4.644,27568710316.12.47.156.5*E. coli* IAI14.704,2956085814.21.48.157.3*E. coli* str. K-12 substr. DH10B4.704,0954523111.00.811.761.4*E. coli* ATCC 87394.754,1744462610.70.610.159.7*S. flexneri* 2a str. 3014.824,2881,11215225.93.53.752.2*S. boydii* CDC 3083--944.864,2281,25732929.77.82.450.0*E. coli* 5364.944,41482420618.74.74.254.0*S. sonnei* Ss0465.054,31597515622.63.63.454.0*E. coli* O127:H6 str. E2348/695.074,51868713515.23.06.053.8*E. coli* IAI395.134,62677810616.82.35.952.5*E. coli* 559895.154,73685313018.02.76.152.8*E. coli* S885.164,7777265515.21.25.151.5*E. coli* SE115.174,80593719719.54.15.352.5*E. coli* UTI895.185,0729969419.61.94.048.7*E. coli* ED1a5.204,8421,00821120.84.43.649.6*E. coli* SMS-3--55.214,75084616317.83.44.553.0*E. coli* CFT0735.235,0141,29732525.96.52.747.4*E. coli* E24377A5.254,7431,02724821.75.24.552.3*E. coli* UMN0265.354,90382311416.82.35.551.5*E. coli* O103:H2 str. 120095.485,0529806919.41.45.149.2*E. coli* APEC O15.514,74273710915.52.34.149.2*E. coli* O157:H7 str. Sakai5.605,2011,20411723.12.23.747.2*E. coli* O157:H7 EDL9335.625,2461,28316524.53.13.647.2*E. coli* O157:H7 str. TW143595.625,3151,2435723.41.13.546.2*E. coli* O157:H7 str. EC41155.705,3081,39016926.23.22.845.7*E. coli* O111:H str. 111285.795,2571,04515019.92.94.947.5*E. coli* O26:H11 str. 113685.865,4381,1877821.81.44.246.9

A local database was created using mySQL (<http://dev.mysql.com/> \[cited 2011 January\]) and populated with data from the earlier mentioned files, so as to contain data on cluster ID, protein GIs, taxon ID, scientific name of each taxon, and genome ID. Three groups of *E. coli* clusters (t1, t2, and ORFan) were designated, as described in the next section. The DNA sequences were downloaded from NCBI according to their protein GI number, and added to the mySQL database. The DNA sequence FASTA file for each protein cluster was prepared from the mySQL database and aligned by MUSCLE ([@evs081-B12]).

Some of the clusters originally from the NCBI clusters database have paralogous subfamilies (880 ORFan clusters, 148 t1 clusters, and 32 t2 clusters). To remove paralogy, we redefined these as the largest subcluster within each cluster that includes only one gene copy from each *E. coli* accession. The clustering method is the unweighted pair group method with arithmetic mean, performed in MUSCLE ([@evs081-B12])

Definition of ORFan and Non-ORFan Groups of Gene Clusters
---------------------------------------------------------

Non-ORFan control groups representing different phylogenetic depths were identified as shown in [figure 1](#evs081-F1){ref-type="fig"}. If a protein cluster has members distributed beyond *E. coli*, but within the t1 group of species, it falls in the t1 group. More widely distributed members fall into the t2 group. These two groups represent robust clades in a more detailed phylogenetic tree computed from the data of [@evs081-B39]. Because the original tree of Wu et al. did not include bootstrap support values, a new tree was computed from a pruned alignment using the RAXML ([@evs081-B33]) and consense ([@evs081-B13]) software available via the CIPRES server (<http://www.phylo.org/> \[cited 2011 January\]). The consense program was used to compute a consensus tree from 1000 RAXML bootstrap replicates performed using the WAG model. The phylogeny is provided as a PDF image ([Fig S1](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1)) and as a NEXUS file in the [supplementary data](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1) online. From the resulting tree, we identified two monophyletic clades with strong support (\>96% bootstrap support), corresponding to the t1 (younger) and t2 (older) control groups. F[ig]{.smallcaps}. 1.---Clades used to define comparison groups with different phylogenetic depths. The t1 and t2 clades were chosen due to high bootstrap support (\>96%) in a phylogeny of species computed as described (Materials and Methods) and available as [supplementary figure S1](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs081/DC1) online.

Population Statistics and Between-Group Comparisons
---------------------------------------------------

Patterns of nucleotide variation in each gene cluster were analyzed using conventional approaches of molecular population genetics ([@evs081-B28]; [@evs081-B27]; [@evs081-B15]). The d*N* (d*S*) value is the average of all pairwise nonsynonymous (synonymous) differences among sequences, calculated according to [@evs081-B28]. Given that some clusters have a d*S* value of zero, the difference between d*N* and d*S* was calculated, instead of the conventional d*N*/d*S* ratio.

Recognizing that ORFans are systematically more narrowly distributed within *E. coli* than non-ORFans (see Results), we created customized control clusters according to the schema in [figure 2](#evs081-F2){ref-type="fig"}. As a result, every ORFan gene cluster has its own matching sets of t1 and t2 clusters pruned to have precisely the same strain composition, for example, if a particular ORFan cluster has the four sequences from genomes A, B, C, and D, then all of its non-ORFan control clusters are pruned to contain only the four sequences from A, B, C, and D. If a control cluster could not be pruned due to the absence of a matching strain, it was discarded. F[ig]{.smallcaps}. 2.---Scheme for creating matching control clusters for each ORFan cluster. The pseudocode shown here describes the method used to generate customized control clusters. If ORFan_list is not equal to the intersection of t_list and ORFan_list, then the putative control cluster cannot be used because it does not have the right set of strains.

We do not attempt to identify individual clusters with significant d*N* − d*S* values, because these values have enormous uncertainty (due to the small size and high similarity of the sequences). Instead, the distribution of values for ORFans was compared with those of non-ORFans in two ways. One mode of comparison uses Student's *t*-test or the Wilcoxon test ([@evs081-B26]), with a significance level of 5%. Each ORFan has a (typically different) number of control clusters, and thus the number of compared values is unequal, with ORFans being compared with a larger number of non-ORFan controls that are hierarchically structured (one set of t1 or t2 control clusters for each ORFan cluster). Thus, when comparing ORFan clusters to non-ORFan controls, we randomly pick a single control cluster for each ORFan to compute a mean and variance, so that the *t*-test or Wilcoxon test is carried out on a nonstructured sample. Then, this calculation is repeated 1,000 times. If the majority of replicates indicate a significant difference, then the expected value of the test statistic is significant, and thus we treat the difference as significant.

The second mode of comparison is by ranking the statistics of each ORFan gene in its customized non-ORFan control group. The number of control clusters is not large enough in many cases to create smooth distributions for purposes of percentile ranking; therefore, we divide the control distribution into 10 bins, that is, deciles rather than percentiles. In order not to sacrifice statistical power, decile-based ranking is performed only for ORFans that have a customized non-ORFan control group with more than 99 clusters. Note that the first decile bin is the top 10% of the non-ORFan control distribution. An ORFan value ranked in the first decile bin of the t1 or t2 reference distribution is in the highest 10% of values, whereas an ORFan value ranked in the 10th decile bin is in the lowest 10% of values.

Results
=======

ORFans as a Feature of Genome Composition
-----------------------------------------

A summary of the composition of 35 genomes is given in [table 1](#evs081-T1){ref-type="table"}. On average, 19.5% of genes in a genome are species-specific ORFans, found only in strains of the species *E. coli*. This frequency ranges from 10.1% to 37%. On average, 3% of genes in a genome (range, 0.4% to 10.2%) are found only in that genome. The K-12 strain MG1655 has the lowest proportion of ORFans, whereas *Shigella dysenteriae* Sd197 has the highest proportion. As shown in [table 2](#evs081-T2){ref-type="table"}, in total, there are 5,101 genome-specific ORFans. These ORFan clusters cannot be used for the analysis of population diversity, because each has only one member. The remaining ORFans fall into 3,773 clusters, each with two or more sequences. The t1 group includes 610 clusters with two or more sequences, and 225 clusters with only one sequence. There are 373 clusters in t2 group, all of which include two or more sequences in each cluster. Table 2Comparison Groups Used to Evaluate Diversity of ORFans in *Escherichia coli*Comparison GroupDefinitionSize[^a^](#evs081-TF1){ref-type="table-fn"}ORFanClusters of *E. coli (Shigella)* sequences that are putative genes with representatives found only in *E. coli (Shigella),* not in any other genome.3,773 (5,101)t1Clusters of *E. coli (Shigella)* sequences found in some of *Salmonella, Citrobacter*, but not in any other genomes.610 (225)t2Clusters of *E. coli (Shigella)* sequences found in some of *Salmonella, Citrobacter*, and some of *Klebsiella, Enterobacter, Cronobacter, Pantoea, Erwinia, Serratia* but not found in other genomes.373 (0)[^2]

Little is known about the functions of these ORFans. On average, only 5.5% of ORFans in a genome (range, 2.1% to 12.3%) have protein functions assigned by the annotation approach used in the Protein Clusters database (which may implicate a very specific class of enzyme-catalyzed reaction, or only a particular family of functions). By contrast, among all protein-coding genes in a genome, 53% (on average) have information on function.

The frequencies of these different categories of proteins, as a function of genome size, are shown in [figure 3](#evs081-F3){ref-type="fig"}. This reveals a clear relationship. The number of proteins for which functions have been inferred \[in the original Protein Clusters database ([@evs081-B18])\] remains relatively constant despite a 40% increase in size from the smallest to the largest genomes. Instead, the increase in genome size is attributable to genes (or putative genes) that lack functional annotations. Thus, differences in the complement of genes carried by an *E. coli* strain are not due primarily to duplication of long-established genes that are widely distributed and well annotated, but are overwhelmingly due to gain of genes that are poorly known. A minority of these genes are ORFans, found only in *E. coli* (*Shigella*). F[ig]{.smallcaps}. 3.---ORFan composition as a function of genome size in 35 *Escherichia coli* strains. For each genome, counts are shown for three categories of putative protein-coding genes, along with regression lines. Two of the categories are mutually exclusive: each gene in a genome is either from a cluster (in the NCBI Protein Clusters database) that has a curated functional annotation (solid circle), or it is from a cluster annotated as "hypothetical protein" (plus symbols). The solid squares show the counts of ORFans, the vast majority of which are noncurated (see text). As genome size increases, the number of proteins with assigned functions remains nearly constant. The increase in genome size is not mainly attributable to ORFans, but is attributable to other genes for which functions are unknown.

Distinctive Features of ORFan Genes
-----------------------------------

ORFans show some unique features when compared with non-ORFans ([fig. 4](#evs081-F4){ref-type="fig"}). The average sequence length of ORFans (∼600 nucleotides or 200 codons) is significantly shorter than the t1 and t2 controls according to both Student's *t*-test and Wilcoxon test (*P* \< 0.01) ([@evs081-B26]). ORFan genes have the lowest average GC content at the first and third position of codons, followed by the t1 group, then the t2 group. GC content at the second position of codons is not significantly different among these three groups. The most obvious interpretation of this result is that, when new genes are acquired, they are initially more AT-rich, and gradually change toward the composition of long-established genes, as suggested by [@evs081-B22]. F[ig]{.smallcaps}. 4.---Genic features of ORFans compared with non-ORFans. (*A*), average size (in base pairs). ORFans are shorter than non-ORFans. (*B*), average percent of GC at first (GC1), second (GC2), and third (GC3) position of codons. Except for GC2 in (*B*), the three classes of clusters ORFans differ significantly in genic features. ORFans have lower GC content at first and third positions of codons. Bars represent 95% confidence intervals. The letters denote significantly different results by the Wilcoxon test (results from Student's *t*-test are the same).

Population Distribution of ORFans
---------------------------------

The typical ORFan gene has a restricted distribution among *E. coli* strains, being present in 6.2 of the 35 genomes, on average. By comparison, t1 and t2 genes are represented in 13.2 and 32.4 (respectively) strains, on average ([fig. 5](#evs081-F5){ref-type="fig"}*A*). The difference among these three groups is significant according to both Student's *t*-test and Wilcoxon test (*P* \< 0.001). The frequency distributions for all three groups are shown in [figure 5](#evs081-F5){ref-type="fig"}*B*. For ORFans, genes represented in only a single genome represent the largest frequency class (57%). The 1-gene clusters of ORFans and t1 genes are excluded from [figure 5](#evs081-F5){ref-type="fig"}*B*, which shows only those clusters used in population analysis, that is, clusters with at least two members. F[ig]{.smallcaps}. 5.---Distribution of ORFan and non-ORFan genes among genomes of *Escherichia coli* strains. (*A*) The average number of *E. coli* stains per protein cluster in the ORFan and non-ORFan cluster groups; (*B*) the frequency distribution of number of *E. coli* stains per cluster used in the ORFan and non-ORFan comparison groups (this excludes ORFan clusters with only one member, which is the most common size of a cluster). ORFans typically have narrow distributions, while non-ORFans in the t2 comparison group are present in most genomes. Non-ORFans in the t1 group have an intermediate distribution. The letters in (*A*) denote significantly different results by the Wilcoxon test (results from Student's *t*-test are the same).

Sequence Diversity of ORFans
----------------------------

The sequence diversity of ORFan clusters is very low, due to their small size and recent origins, and this affects the kinds of analysis that are possible. Specifically, the distribution of numbers of nonsynonymous polymorphisms in ORFan clusters is as follows: 0 (polymorphisms): 792 (clusters); 1: 264; 2: 187; 3: 128; 4: 86; 5: 83; 6: 68; 7: 59; 8: 44; 9: 37; and \>9: 472. The counts for synonymous polymorphisms are 0: 938; 1: 271; 2: 133; 3: 76; 4: 76; 5: 51; 6: 52; 7: 33; 8: 27; 9: 31; \>9: 532.

Given that some clusters have a d*S* value of zero, the difference between d*N* and d*S* was calculated, instead of the more conventional d*N*/d*S* ratio. ORFans that represent real protein-coding genes typically would be expected to show the pattern typical of real protein-coding genes, which is that d*S* exceeds d*N*; for ORFans that represent pseudogenes or misannotated regions, the expected values of d*N* and d*S* are the same; ORFans undergoing adaptive evolution are expected to have higher d*N* value than d*S* ([@evs081-B16]).

As shown in [table 3](#evs081-T3){ref-type="table"}, most ORFan, t1 and t2 clusters have d*N* less than d*S*. However, compared with t1 and t2, ORFan clusters are less likely to have a negative d*N* -- d*S*, and more likely to have a positive value (χ^2^= 66.06, 292.94; df = 2; *P* \< 0.001). It is interesting to note that, relative to t2, the t1 group also shows a significantly higher proportion of genes with d*N* − d*S* greater than 0 (χ^2^= 119.35, df = 2, *P* \< 0.001). Table 3Proportions of Clusters in Each Comparison Group that Fall into Different Categories with Respect to the Relationship of d*N* to d*S*Comparison Groupd*N* -- d*S* \> 0d*N* -- d*S* \< 0d*N* = d*S* = 0NumberORFan944 (25)1,953 (52)876 (23)3,773t1104 (17)423 (69)83 (14)610t28 (2)365 (98)0 (0)373[^3]

However, the differences between the categories show a large effect of cluster size ([fig. 5](#evs081-F5){ref-type="fig"}). This is shown by the fact that approximately 23% of ORFan clusters and 17% of t1 clusters have equal d*N* and d*S*. These clusters are nonpolymorphic in *E. coli* and have d*N* = d*S* = 0, presumably because the clusters are very small. Most ORFan clusters have fewer than five sequences, while clusters of such small size are vanishingly rare in the t2 group of genes that have been present for millions of years in the lineage leading to *E. coli*.

To correct for these differences in cluster size, we created matched comparison clusters as described (earlier, and [fig. 2](#evs081-F2){ref-type="fig"}). The results of the cluster-size-corrected comparisons of diversity statistics are shown in [figure 6](#evs081-F6){ref-type="fig"}, and with more detail in [figure 7](#evs081-F7){ref-type="fig"}. ORFans show a higher mean value of Pi than genes in the t1 and t2 groups, though only the difference with t2 is significant. Both Student's *t*-test and the Wilcoxon test indicate that the average d*S* value of ORFan gene group is significantly lower than t1 group and not significantly different from t2 group. Average d*N* value of ORFan gene group is higher than t1 and t2 group. According to the Wilcoxon test, the difference between ORFans and t1 group, ORFans and t2 group is significant. According to Student's *t*-test, the difference between ORFans and t1 group is not significant; the difference between ORFans and t2 group is significant. The result suggests that ORFan gene group show similar or lower d*S* value, but higher d*N* value than t1 or t2 gene group. F[ig]{.smallcaps}. 6.---Mean population statistics compared between ORFans and non-ORFans. This figure shows a comparison of means for pi (upper panel), dS (middle panel), and dN (lower panel), whereas the complete distributions are compared, via deciles, in [figure 7](#evs081-F7){ref-type="fig"}. There are two different sets of mean values for ORFan clusters, because the comparisons with t1 and t2 use overlapping but nonidentical sets of ORFan clusters, due to the need to create matching controls with the same strain composition (see Materials and Methods). Although synonymous diversity is not much different, nonsynonymous diversity, as well as total diversity (Pi), is significantly different between ORFans and non-ORFans in the t2 control group. The letters denote significantly different results by the Wilcoxon test; Student's *t*-test gives a slightly different result for dN, not shown, with no significant distinction between t1 and the ORFan clusters (i.e., the pattern is a--a--a--b). F[ig]{.smallcaps}. 7.---Distribution of diversity statistics compared between ORFans and non-ORFan controls. The three rows show the distributions for pi (upper), dS (middle) and dN (lower), for both t1 (left column) and t2 (right column) control sets. To understand the shape of the distribution of population statistics for ORFans, values for ORFans were gathered into decile bins defined by the non-ORFan control clusters, that is, each bin comprises 10% of the distribution of non-ORFan values. The value on the *Y* axis for the first decile bin in (*A*), for instance, represents the frequency with which the Pi value for an ORFan ranks in the top 10% of the values in its customized t1 control group. (*C*, *E*) The same comparison for d*N* and d*S*; (*B*, *D*, and *F*) the distribution of Pi, d*N*, and d*S* (respectively) relative to the t2 comparison group. The null expectation is a straight line at a value of 10%, with a slight anomaly at the low (right) end of the distribution due to zero values (in cases where zero values exceed 10% of the control distribution, zero values in the ORFan distribution will be placed in whichever bin is counted first, which in this case tends to leave a shortage in the last bin). The symmetric but slightly U-shaped distribution of d*S* values indicates that ORFans exhibit greater variance, but otherwise have the same distribution of synonymous differences as non-ORFans. However, the deviation from the distribution of d*N* (and Pi) values is asymmetric, with a 2-fold or more excess of ORFan clusters with diversity in the top 10% or 20% of the distribution relative to non-ORFan controls.

To dissect these differences in more detail, we ranked ORFan values relative to their matched controls, using deciles (rather than percentiles, due to the limited number of control clusters for each ORFan). This allows the data from all ORFans to be combined via rankings, even though each ORFan has a different control distribution. The results are shown in [figure 7](#evs081-F7){ref-type="fig"}. The symmetric but slightly U-shaped distributions in [figure 7](#evs081-F7){ref-type="fig"}*E* and [7](#evs081-F7){ref-type="fig"}*F* suggest that synonymous variation in ORFs is distributed very similarly to that in non-ORFans, and differs only in having somewhat greater stochastic variance, as expected given that ORFans are approximately three-fourth the size of non-ORFans ([fig. 4](#evs081-F4){ref-type="fig"}*A*). The difference between ORFans and non-ORFans for d*N* (and Pi) is much more marked and asymmetric, being skewed to the left, toward higher values. The ORFan distribution has a substantial excess of values in the top one or two deciles, relative to the distribution expected from examining non-ORFans. For the comparison of d*N* values with the t2 comparison group, there is approximately a 5-fold excess of ORFans in the first decile. That is, the most unusual feature of ORFans, considered as a class of probable genes, is the presence of a large subclass of ORFans with high nonsynonymous diversity.

Discussion
==========

The results given above on the genic features of ORFans, and the composition of genomes with respect to ORFans, are largely confirmatory. Our results show that approximately 19% of genes per genome are *E. coli* lineage-specific genes. As expected from previous studies ([@evs081-B5]; [@evs081-B10]), ORFans, as a class, are slightly shorter and more AT-rich than older and more widely distributed genes.

What is more distinctive about the present study is the use of a population sample to study within-species diversity in ORFans. The set of available genomes, of course, is not in any sense a random sample of the *E. coli* population, but instead is heavily biased toward strains of relevance to technology (i.e., laboratory strains) and medicine (i.e., pathogenic strains). Nevertheless, the set of available genomes is a subset of the population that includes considerable diversity, and is worthy of study. Our analysis has some bearing on two issues, the origins of ORFans, and their subsequent evolution in *E. coli*.

Origins of ORFans
-----------------

A few tentative conclusions are possible regarding the possible origins of ORFans, which might emerge as annotation artifacts, horizontally acquired genes, de novo genes, or highly diverged homologs of much older genes. The distribution of ORFans among genomes ([fig. 3](#evs081-F3){ref-type="fig"}) argues against the idea that ORFans may represent members of well known protein families whose affinities remain undetected due to rapid divergence. Specifically, the number of curated proteins remains roughly constant as the number of ORFans increases, whereas if ORFans frequently represent highly diverged genes, we would expect this number to decrease (if old genes diverge in situ into unrecognizable ORFans) or to increase (if old genes frequently spawn duplicates that eventually diverge unrecognizably into ORFans, we would expect to see a contingent of rapidly diverging duplicates that are not yet unrecognizably diverged).

The distribution of sequence diversity statistics holds other clues that we would interpret as follows. The t2 group consists (presumably) entirely of real genes, and nearly all clusters have d*N* \< d*S*. Most ORFan clusters also have d*N* \< d*S*. Specifically, approximately two-thirds of the time, the d*N* -- d*S* value is negative ([table 3](#evs081-T3){ref-type="table"}). This might suggest that at least two-third of the ORFans are legitimate genes. However, no such simple conclusion is possible given the potential for statistical noise in d*N* -- d*S*. For the ORFan group, most clusters have fewer than six sequences ([fig. 5](#evs081-F5){ref-type="fig"}), and the resulting small chance of finding polymorphisms results in many cases of d*N* = d*S* = 0, whereas for the t2 group, most clusters have over two dozen sequences, and there are no cases of d*N* = d*S* = 0. If there is some fraction of ORFans that are pseudogenes for which the expected values of d*N* and d*S* are equal, then due to the low frequency of polymorphisms, there will be some cases of d*N* = d*S* = 0, along with cases in which the d*N* -- d*S* value deviates stochastically in the positive or negative direction. For instance, if we look at the ORFan and t2 rows in [table 3](#evs081-T3){ref-type="table"}, one interpretation is that one-fourth of the ORFans are real genes (like t2 genes) with negative d*N* -- d*S*, while the other three-fourths are misannotated genes with d*N* -- d*S* values distributed equally among positive, negative, and zero values.

This interpretation is difficult to sustain if one considers the t1 group. The t1 group includes genes that, albeit young compared with t2 genes, have been around for tens of millions of years, and thus the t1 group presumably includes no artifacts. Yet, t1 clusters do not have the same size distribution as t2 clusters, but instead are intermediate, with most t1 clusters being in only a minority of the *E. coli* genomes ([fig. 5](#evs081-F5){ref-type="fig"}). This suggests that genes in the t1 group are more frequently lost than those in the t2 group. That the t1 clusters are different in character from the t2 clusters is clear in [figure 6](#evs081-F6){ref-type="fig"}. [Figures 6](#evs081-F6){ref-type="fig"} and [7](#evs081-F7){ref-type="fig"} show that, when we correct for the sizes of clusters, ORFan clusters are very much like t1 clusters, and are rather unlike t2 clusters, in their distribution of d*N* and Pi.

Whatever the reason for the narrower distributions of t1 clusters, the d*N* -- d*S* value is negative only four-fifths of the time, whereas for t2 genes it is nearly always negative. If ORFans are composed of a fraction **f** of artifacts for which the distribution of positive and negative d*N* -- d*S* values is 1:1 (i.e., assuming for the sake of approximation that random deviations from 0 are symmetric), and some fraction **1 −f** of genes with a 1:4 ratio like t1 genes, **f** could not be greater than one-half, otherwise the ratio of positive to negative values would be more than the observed 1:2 ratio (i.e., it would be more like the 1:1 ratio expected for pseudogenes).

Thus, although the interpretation is not straightforward, the results presented here suggest that most ORFans are functional genes rather than artifacts of misannotation, and that they do not arise by radical divergence from well-known sequence families. This suggestion that most ORFans encode functional proteins, if correct, is corroborated by evidence from some other organisms ([@evs081-B2]; [@evs081-B1]; [@evs081-B4]; [@evs081-B6]). For instance, gene BSC4 in *Saccharomyces cerevisiae*, which is found de novo created from noncoding sequence, is found to be involved in the DNA repair pathway during the stationary phase of *S. cerevisiae* and contribute to the robustness of *S. cerevisiae*, when shifted to a nutrient-poor environment.

*Diversification of ORFans in* E. coli
--------------------------------------

Both in bacteria and eukaryotes, lineage-specific genes are seen to evolve at a faster rate than broadly distributed genes ([@evs081-B11]; [@evs081-B10]; [@evs081-B37]; [@evs081-B21]). For example, [@evs081-B10] found that genes that are restricted to *E. coli* MG1655 and *Salmonella enterica* evolve faster than more widely distributed genes. Similar results were found in *Drosophila*, parasitic protozoa, and rodents ([@evs081-B11]; [@evs081-B37]; [@evs081-B21]). This pattern of the relationship between evolutionary rate and apparent age (phylogenetic breadth of a gene) could be due to the variation in strength of purifying selection or due to the variation in the rate of adaptive evolution. Weaker purifying selection in young genes would imply that these genes have less effect on fitness and therefore are less selectively constrained. The alternative explanation, not mutually exclusive, is that lineage-specific genes participate more in lineage-specific adaptation, and therefore evolve faster ([@evs081-B3]).

Our results show that ORFans have a distribution of synonymous diversity similar to non-ORFans. The main difference between ORFans and non-ORFans is an excess of clusters with high d*N* values. As shown in [figure 7](#evs081-F7){ref-type="fig"}*D*, about one-half of the ORFan d*N* values fall into the top 10% of the t1 control distribution, and the remainder are distributed with slightly decreasing frequency throughout the remainder of the distribution. It might be argued that the more recent the evolutionary acquisition of a gene sampled from within a population, the greater the extent to which observed differences will reflect short-term population dynamics, dominated by mutation, rather than the longer time-scale over which the effects of selective filtering accumulate. By this argument, following [@evs081-B20], one expects the ratio d*N*/d*S* to converge on 1 for the youngest genes. However, if we may assume vertical inheritance, this argument does not apply to the interpretation of our results, because every comparison between an ORFan cluster and a non-ORFan cluster is based on a matched set of strains.

Several other factors might account for the higher distribution of d*N* values in ORFans. Although we argued above that most ORFans are not artifacts, nevertheless, this conclusion still allows for a substantial minority of ORFans to be artifacts, for example, misannotated noncoding regions, or former genes that no longer contribute to fitness (e.g., acquired bacteriophage genes). This fraction of ORFans would be diversifying at the rate of maximal neutral change for a noncoding DNA sequence in *E. coli*.

Another possibility is that ORFans, as a class of functional protein-coding genes, have a higher rate of change due to stochastic acceptance of mutations, that is, reduced selective "constraint." As noted earlier, t1 genes of (apparent) intermediate age also have a higher rate of nonsynonymous change than the older t2 genes; ORFan genes are much like t1 genes in their diversity statistics. A higher rate of evolution might be argued on various empirical or logical grounds. ORFans are shorter, thus the encoded proteins have a higher surface-to-volume ratio, which entails a higher rate of evolution (given the higher rate of evolution of surface sites in proteins). ORFan genes may be expressed at low levels (or infrequently), which may make them more tolerant of changes relative to genes expressed at high (and consistent) levels. ORFans are not acquired gradualistically, one codon at a time, but arrive in large pieces, and---even without presuming anything about how these new pieces fit into the economy of the cell---it stands to reason that they do not fit as precisely as pieces that have been around for many millions of years, which again suggests that ORFans will be more tolerant of arbitrary changes. A previous study in humans showed that older genes carry fewer and less frequent nonsynonymous single-nucleotide polymorphisms than younger primate-specific genes ([@evs081-B3]).

A third possibility would be that relative to non-ORFans, there is an excess of ORFans experiencing rapid evolution via beneficial mutations. A previous study showed an excess of primate-specific genes with a signal of positive selection, relative to genes with a broader distribution ([@evs081-B3]). Currently, these possibilities cannot be distinguished without a deeper examination of ORFan diversity.

Further Questions
-----------------

In this study, we have applied relatively conventional methods of analysis to a difficult set of data, to obtain preliminary interpretations. Much more could be done to evaluate the evolution of ORFans in *E. coli* with additional data or specialized methods. For instance, a more integrated analysis that includes expression data (e.g., RNASeq data) and proteomics data might clarify the picture of ORFan genomics. Unfortunately such data are not available systematically for the whole set of *E. coli* strains. A further type of analysis that is possible and that represents an obvious next step would be to analyze in more detail the likelihood that the map locations of ORFans will reveal clues about their origin. Specifically, a variety of studies cited earlier have suggested that ORFan genes are frequently acquired via bacteriophage infections, which implies that the ORFans should arrive in clusters (representing inserted prophages) and will tend to be found at prophage insertion sites in the genome.

If most ORFans are showing a conservative pattern of evolution (i.e., d*N* \< d*S*, as argued earlier), the results presented here have an interesting implication with respect to the above view that ORFans are mainly acquired from phage genomes. Specifically, the conservative pattern of divergence would indicate that the ORFans are not merely silent prophage genes. To the extent that horizontal propagation of phage kills the host cell, but ORFans are propagated vertically (after acquisition) and show a conservative pattern of divergence, this conservation cannot reflect selection for phage propagation, but only for host (lysogen) propagation, indicating a role for these genes in host propagation. Thus, the biological significance of these results ultimately will depend on distinguishing the contributions of 1) vertical inheritance of an ORFan acquired in an ancestral strain, 2) within-population events of chromosome recombination that may transfer genes between strains, and 3) repeated introgression of the ORFan from sources outside the *E. coli* population. This would seem to be difficult without having some model of the evolution of ORFan sources outside of *E. coli*, currently a mystery.

Supplementary Material
======================

A list of plasmid identifiers, as well as the phylogeny used to define control groups (in PDF and NEXUS formats), are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).

The authors thank John Moult for discussions throughout the project, and Howard Ochman and Zvi Kelman for comments. This work was supported by a grant from the National Institutes of Health grant (GM081511) to John Moult and A.S. The identification of any specific commercial software products is for the purpose of specifying a protocol, and does not imply a recommendation or endorsement by the National Institute of Standards and Technology.

[^1]: **Associate editor:** Kenneth Wolfe

[^2]: ^a^The number of clusters with more than one representative among *E. coli* genomes; the number in parenthesis is the number of clusters with only a single *E. coli* sequence, thus not useful for population analysis.

[^3]: N[ote.]{.smallcaps}---The numbers are number of genes in the genes in the category. The number in the parenthesis is the percentage of genes in the category.
